order to compete with natural lectins for carbohydrate identification, boronolectins that are highly selective for particular monosaccharide ligands must be developed.
Sialic acids (e.g.-Neu5Ac) are important carbohydrates ubiquitous to mammalian cell surfaces. Serum levels of sialic 30 acid can be utilized as a biological marker of a cancerous state. 5 Free sialic acid has been shown to be a superior marker for carcinoma of the uterine cervix and genitourinary malignancies when compared to total sialic acid and lipid-bound sialic acid measurements. 6 Improved fluorescent sensing of free sialic acid 35 within a sample could enable the enhanced detection of malignancies and other diseases involving aberrant sialic acid levels. 7 Elevated free sialic acid levels in serum can serve as a marker for alcohol abuse as well. 8 Most methods to identify free sialic acid in biological samples require the use of sample 40 purification steps. By developing a fluorophore that responds uniquely to sialic acid over other biological components, direct measurement of this monosaccharide in biological samples would become possible.
Here, we report the design of a bis(boronate) receptor (2) 45 for free sialic acid that contains both an "on" (I > I o ) and "off" (I < I o ) switch with regard to fluorescent signal from the aniline moiety upon analyte binding (Fig. 1) . Most common monosaccharides cannot span both boronates and thus should not significantly modulate the fluorescent output of 2, binding 50 weakly to both the "on" and "off" sites resulting in little change in fluorescence response. The low affinity of hexoses for monoboronates means simple sugars shouldn't saturate the receptor (forming a 2:1 diester and turning fluorescence "off") until very high concentrations of carbohydrate. Importantly, 55 this receptor was designed to respond via fluorescence quenching when both boron sites are esterified as the "off" switch is a boronate conjugated within the aniline fluorophore. Due to the enhanced affinity of molecules that can serve as divalent ligands, such compounds should cause 60 significant fluorescence quenching even in the presence of molecules that can bind only one boronate and would potentially cause fluorescence to increase. Such a receptor system would be unprecedented in the field and an advance toward improving the sensitivity of determining free sialic 65 acid levels in biological samples by effectively "silencing" competing sugars. The earliest fluorescent, boronate-based sialic acid receptors of Shinkai 11 and Smith & Taylor 12 used electrostatic interactions to bind the carboxylate of the sugar. By using a boronate to target this functional group, receptor 2 should be less affected by competing anions in the biological milieu. This bis(boronate) 80 receptor was readily constructed by sequential reductive aminations of 2-formylphenylboronic acid first with 3-aminophenylboronic acid/NaBH 4 to yield 3 13 (76%) followed by methylation with formaldehyde/NaBH 4 (30%) to furnish 2.
‡ Both 2 and 3 were purified by column chromatography on neutral 85 alumina.
Boronate binding of neutral monosaccharides tends to be favoured at pH values approaching that of the ligand.
14 Using Shinkai's glucose receptor 15 , we first demonstrated that α-hydroxyacid moieties of tartrate can be targeted with fluorescent 90 bis(boronates) 16 and subsequent work by James has shown that multivalent hydroxyacid-boron binding is favoured at acidic pH in this system. 17 As such, we tested the binding of 2 (33 µM) with various monosaccharides in both acidic (pH 6.2) and basic (pH 7.8) environments (100 mM aq. phosphate buffer/MeOH 2:1). As can be seen in Fig. 2 , selective response of 2 to sialic acid was best at the lower pH. Neutral monosaccharides glucose, galactose, mannose and ribose and the anionic sugar glucuronic acid changed the fluorescence output of 2 very little at the lower 5 pH. Although ribose had the highest affinity at higher pH, this decreased markedly at acidic pH. Importantly, the α-methyl sialoside gave a modest decrease but not to the degree of the free parent sugar. This data supports a divalent binding mechanism involving esterification of both boronates in 2 by sialic acid 10 (Scheme 1). This is further supported by low resolution, negative ion ESI-MS (m/z 579). Lactose, a potentially bidentate ligand, failed to reduce fluorescence of 2 at pH 6.2 (data not shown). Crucially, titration of the receptor 2 with sialic acid in the presence of 50 mM glucose gave closely similar results to 15 titration with sialic acid alone. Glucose levels in the blood serum of non-diabetic adults are in the range of 4-7 mM, but can reach 50 mM in diabetics, while free sialic acid levels in the blood are much lower (0.15-0.2 mM). Thus, divergent response systems like the one described here may be developed to identify sialic 20 acid levels in unmodified biological samples without enzymic conversion of glucose a priori. The importance of the tertiary amine in 2 is demonstrated by the fluorescent response of 3 toward the same monosaccharides. While interaction of 3 with sialic acid still causes the greatest fluorescent decrease at pH 6.2, other sugars caused significant depression in the fluorescent output of this receptor.
† This is 30 likely due to trapping of the acyclic aldehyde form of the sugars through imine formation with the secondary amine (Scheme 1). This is supported by the fact that m-aminophenylboronic acid alone gives very similar results to 3. The meta-substitution in receptor 2 restricts the ability of this molecule to bind simple 35 monosaccharides through both boronates. Diboronates can readily bind glucose in a divalent sense through diols at C1/C2 and C4/C6 but this requires a convergent approach of the two boronates. Such an orientation is not available for compound 2.
By binding weakly to both the "on" and "off" switches, glucose 40 changes the overall fluorescence output very little (the small concentrations of each of the two complexes shown in Scheme 1 effectively cancel each other out: I ≈ I o ). Previously, Shinkai reported a diboronate system that will give a CD response to glucose, but not its methyl glucoside.
18 45 Additionally, we have shown previously that diboronates can give a fluorescent increase in the presence of one inositol epimer (chiro), but not the other (myo), an example of "stereospecific sensing". 19 Our current work is complementary and potentially powerful in that we have identified the framework to bind to a 50 single monosaccharide (sialic acid) selectively and to signal that binding specifically in preference to other common monosaccharides. The divergent response of the fluorophore significantly dampens background signals from competing ligands. Only sialic acid causes fluorescent quenching of 2 to an extent that it can be titrated. What remains is to extend 5 conjugation in this system to improve sensitivity of detection. Preorganization of this ditopic receptor through conformational restriction can improve current affinity. 20 Direct fluorescent measurement of free sialic acid levels in biological fluids will improve the timeframe of analysis and obviate the need for 10 sample preparation. This divergent response approach may also find use in other analytical techniques where detection among structurally similar analytes is required. 
